Background/Objectives: Body composition techniques are required for monitoring response to treatment in individual obese children, and assessing the efficacy of weight loss programmes. Densitometry is readily undertaken, using air displacement plethysmography (ADP), but requires appropriate information on the density of lean tissue (D LT ). The aims of this study were to develop predictive equations for D LT in obese children and adolescents, and to test the accuracy of ADP when using such predicted D LT values in an independent longitudinal sample using the four-component model as the reference method. 
Introduction
There is growing interest in the measurement of body composition in obese children and adolescents (Wells and Fewtrell, 2008) . In clinical practise, body composition assessment may aid assess excess adiposity in individual patients, and monitor their response to treatment. In research studies, accurate methods are required for assessing the efficacy of weight loss interventions. In both contexts, body composition may aid understand how both diseases, and their management, impact on cardiovascular and metabolic risk (Wells and Fewtrell, 2008) . Such assessment is particularly important in obese children who are now known to have increased cardiovascular risk compared with non-obese children both in childhood (Reilly et al., 2003) , and also in adulthood because of the tendency of their excess weight to persist into later life (Dietz, 1998; Lloyd et al., 2010) .
Childhood obesity remains categorised on the basis of standard deviation scores (SDSs) of body mass index (BMI; Cole et al., 1995 Cole et al., , 2000 . Although international obesity cutoff values are used to monitor prevalence across populations, clinical treatment is typically applied on the basis of national cutoffs, as the 95th centile for the United Kingdom 1990 data identifies more children as obese than does the international cutoffs. BMI is easy, cheap and quick to obtain. However, numerous research studies have identified ethnic variability in the association between BMI and body fat content in both adults and children (Deurenberg et al., 1998 (Deurenberg et al., , 2002 Ehtisham et al., 2005; Haines et al., 2007) . This means that BMI does not index individual body components equally across ethnic groups. Furthermore, there is substantial variability within populations in fat content for a given BMI value for children of any given age and sex (Wells, 2000; Wells et al., 2006) , so that again, BMI is not appropriate for comparing adiposity. Finally, BMI is particularly poor for assessing the consequences of factors acting in early life, as weight gain in different periods may act on either fat or lean masses (Wells et al., 2007) , yet BMI cannot differentiate these effects. For these reasons, accurate technologies capable of direct measurement of body fat content are required.
A number of so-called 'two-component' body composition techniques differentiate the fat and lean components of body weight. For example, isotope dilution quantifies total body water, which can be used to predict lean mass (used here synonymously with fat-free mass) on the assumption of a known water content of lean tissue for any given age and sex (Schoeller, 1996) . Densitometry quantifies the proportion of fat in weight on the assumption that fat and lean tissue likewise have known densities for age and sex (Siri, 1961; Lohman, 1986) , as described in greater detail below. However, we have shown that the composition of lean tissue differs between those obese versus normal weight, confounding the conversion of raw data on body water or density into body composition values in those obese (Haroun et al., 2005; Wells et al., 2006) . Dual energy X-ray absorptiometry (DXA) differentiates fat and lean mass on the basis of differential X-ray attenuation (Mazess et al., 1970) . However, several studies have shown that the accuracy of DXA varies according to tissue depth with fat mass overestimated in fatter individuals (Sopher et al., 2004; Williams et al., 2006; Wells et al., 2010a) , which indicates the need to improve other techniques as alternatives.
In practical terms, densitometry is relatively easy to apply to those obese (Petroni et al., 2003; Ginde et al., 2005; Haroun et al., 2005) , and this is important because some techniques such as DXA or magnetic resonance imaging are unable to accommodate children of very large body size (Wells et al., 2010a) . Whole-body air displacement plethysmography (ADP), in the form of the Bodpod (Life Measurements Inc., Concord, CA, USA), has now been used extensively in children and adolescents and has excellent acceptability. Validation studies have also shown good accuracy for measurement of body volume, and hence body density, in relation to underwater weighing in children (Nunez et al., 1999; Dewit et al., 2000) . In a study of obese adults, no significant bias between these techniques was observed (Ginde et al., 2005) .
However, although this shows that it is possible to measure body volume and body density with acceptable accuracy, it does not demonstrate accuracy of either technique for assessing body fatness itself. Archimedes principle, which is used to estimate body fat content from whole-body density, requires information on the specific densities of fat and lean tissue. If inappropriate values for lean tissue density (D LT ) are used, densitometry will generate significant bias. Our studies reporting reduced D LT in obese children compared with children of normal weight (Haroun et al., 2005; Wells et al., 2006) indicate that further work is required to identify appropriate D LT values for obese children in order to generate accurate data on body composition from densitometry.
We therefore investigated this issue in obese children and adolescents. We developed predictive equations for the D LT measured by the gold standard four-component (4C) model, using as predictors age, gender and BMI SDS. This approach was intended to establish whether information readily available in the clinic could be used to predict D LT values tailored to individual obese children in order to avoid the need to rely on age-and sex-constant values obtained from non-obese children. We then tested these equations by applying them in plethysmography as a two-component (2C) model in an independent longitudinal sample, again using the 4C model as the reference, against which the accuracy of our new 2C approach could be assessed.
Subjects and methods
Data on children and adolescents were obtained from two sources: a study of reference data on children's body composition, and cross-sectional and longitudinal studies of childhood obesity. The cutoff for obesity was the 95th centile of United Kingdom 1990 reference data , as used in United Kingdom clinical practice, equivalent to BMI SDS of 1.64. Ethical approval was granted by the Ethics Committee of the Great Ormond Street Hospital.
Anthropometry was undertaken in duplicate using standard protocols. Weight was measured using the scales integral to the ADP instrumentation. Height was measured using a wall-mounted stadiometer. BMI was calculated, and converted to SDS using 1990 United Kingdom reference data . Fat mass and lean mass were calculated using the 4C model, as described in detail previously (Wells et al., 1999; Williams et al., 2006) . Briefly, measurements of total body water by deuterium dilution, bone mineral content by dual energy DXA (Lunar Prodigy Instrumentation; GE Medical Systems, Madison, WI, USA) and body volume (in duplicate) by ADP (Bodpod Instrumentation, Life Measurements Inc.) were obtained as described previously. For ADP, lung volume was predicted using children's equations (Dewit et al., 2000) . Precision of total body water in our laboratory is B1% (Wells et al., 1999) . Precision of body volume from duplicate measurements in obese children and adolescents was 0.24 l. Precision of bone mineral content, according to published data for Lunar Prodigy Instrumentation, is 1.1% for bone mineral content (Kiebzak et al., 2000) .
Calculations
A schematic diagram illustrating the concept of Archimedes principle for densitometry is given in Figure 1 . The left hand panel illustrates the general principle, whereby total body density is used to predict body fat content. The right hand panel illustrates the changing values that are obtained for % fat, holding constant the density of fat but altering the D LT . Thus, inappropriate values for lean tissue density generate systematic inaccuracy in body composition outcomes. Lean tissue density must therefore be established empirically, and we have recently published such reference data for normal healthy children (Wells et al., 2010b) , although we also noted variability of this tissue property with nutritional status (Haroun et al., 2005; Wells et al., 2006) .
For any given pair of density values for lean tissue (d 1 ) and fat (d 2 ), it is possible to revise the classic equation of Siri (1961) which states:
where D is whole-body density obtained from densitometry, and k 1 and k 2 are age-and sex-specific constants. Values for
, whereas values for k 2 are calculated as (d 2 /(d 1 Àd 2 )) (Lohman, 1986) . The value of d 2 was taken to be 0.9007 at all ages, whereas values for d 1 can either be taken from the literature, using the age-and sex-specific values of Lohman (1986) , or they can be obtained empirically from the 4C model, as in this study (see below). In each case, values for % fat obtained from Equation (1) are combined with weight to calculate total body fat mass and lean mass.
Statistics
Our first aim was to demonstrate any limitations of the conventional 2C approach by comparing our measured D LT values, and the % fat values resulting with corresponding values from the literature published by Lohman (1986) . We tested agreement between the literature 2C values and empirical 4C values in a cross-sectional data set of 106 children using the method of Bland and Altman (1986) .
Having ascertained the magnitude of this 2C literature bias, our second aim was to derive equations, whereby we might predict D LT from three variables readily available in the clinic (age, sex and BMI SDS). Ideally, this approach would allow us to develop a 2C densitometric approach specifically for obese children. We undertook this using multiple regression analysis in the same cross-sectional data set using our measured 4C D LT values as the dependent variable, and the three predictors as the independent variables.
Our third aim was to test the agreement between our new predicted D LT values and the resulting % fat values versus empirical D LT and % fat values, obtained from the 4C model in a second independent sample of obese children, in which we had data both on baseline fatness and change in fatness following obesity treatment. Again, we used the Bland and Altman method to compare agreement in actual 4C fatness or change in 4C fatness versus 2C predicted fatness or change in 2C fatness, respectively.
Finally, we investigated the association between hydration of lean tissue and D LT . Theoretically, there is a strong inverse correlation between these variables, as increasing the water content must decrease the density. Potentially, if D LT cannot be accurately predicted directly from variables such as age, sex and BMI SDS, an alternative approach might be to measure hydration using instrumentation such as bioelectrical impedance analysis, and then predict D LT from these hydration values. This approach would thus require information on the empirical association between hydration and D LT . We explored the empirical association between D LT and hydration using regression analysis, both with or without adjustment for the other predictors, in order to ascertain what magnitude of variance in D LT is accounted for Figure 1 Schematic diagram of Archimedes principle and its limitations, using data from adults. (a) Total body density must lie between pure fat (0.9007 kg/l) and pure lean (1.1000 kg/l). According to Archimedes' principle, there is a linear relationship between total body density and % fat in body weight, hence % fat is predicted from density measurement. (b) The accuracy of this method depends on the validity of the two component density values, in this case fat density and lean density. The graph shows the % error in fat mass that will result if the actual density of lean tissue varies between values of 1.080 and 1.100 kg/l, but is assumed to be 1.090 kg/l.
by hydration. We determined the slope of the relationship whereby changes in hydration alter D LT . We further considered whether this relationship differed significantly between the sexes, or whether a single equation for both sexes was adequate.
Results
A total of 106 children and adolescents (39 boys and 66 girls), ranging in age from 5 to 21 years, were available for the cross-sectional analysis. Of these, 59 were recruited into our study of reference body composition and were not being treated as patients, whereas the remaining 46 were recruited through obesity clinics and were being treated by behavioural therapy (n ¼ 36) or the drug metformin (n ¼ 10). The sample was categorised as 76 white European, 7 Asian, 12 black African or Afro-Caribbean and 10 'other'. preferable, as the coefficient for BMI differed between boys and girls. Thus, these regressions show the ability of simple variables to predict DLT in obese children, allowing application of a 2C densitometric model. Table 3 shows the bias in fat mass obtained when using the Lohman values for D LT , relative to our own values measured by the 4C model, in this cross-sectional sample. In the whole sample, the Lohman values resulted in an underestimation of fat mass by 0.7 kg (P ¼ 0.001), with limits of agreement of ± 4.1 kg (Figure 2) . Considering the sexes separately, the bias was significantly worse in the girls compared with the boys (Po0.05). Although there was one major outlier in the girls' data, removing this data point did not decrease the sex difference in the bias substantially. In the boys, the bias in fat mass increased in proportion to fat mass (r ¼ 0.44, P ¼ 0.005), but this was not the case for girls, or for either sex for D LT Table 3 also presents data on the bias both in baseline body composition, and its change over time, in the longitudinal sample, comparing values using our new D LT prediction equation against those obtained using the 4C model. There was a small but significant bias in predicted baseline D LT in girls (P ¼ 0.041), but not in boys or in the whole sample. When extrapolated to fat mass, no significant bias was detected in either sex or the whole sample, though the bias in girls was almost significant (P ¼ 0.067). The limits of agreement for baseline fat mass were similar in both boys and girls at ±2.8 kg. When change over time was addressed, there was no significant bias in either D LT , or fat mass (Figure 3) , either in the entire sample or in either sex. These data indicate that our new approach resolves the systematic bias that occurs when literature values for D LT are used. However, the limits of agreement of 2.8 kg suggest accuracy is not excellent in individuals. This is consistent with the findings presented in Table 2 , whereby less than half the variance in D LT is explained by our three predictor variables. Thus, more accurate prediction of D LT could still further improve 2C densitometric assessment of body composition in obese children.
A potential way to achieve such improvement is shown by the data in Figure 4 , which plots hydration of lean tissue against D LT . The correlation between D LT and hydration of lean tissue was À0.83 (Po0.0001), and after adjusting for the effects of age, gender and BMI SDS remained À0.81 (Po0.0001). This implies that variability in hydration, even after taking into account age, gender and size, accounts for the majority (65.6%) of the variance in D LT , and this explains why age, sex and BMI SDS were themselves relatively poor predictors. In Figure 4 , the negative regression slopes for Figure 2 Bland-Altman plot illustrating the comparison of fat mass values, either predicted from body density using literature values for the density of lean tissue, or measured using the four-component model in the cross-sectional sample of 105 children. The difference in fat mass between methods is plotted against the mean fat mass. The mean bias was an underestimation of 0.68 kg (Po0.001), limits of agreement ± 4.11 kg. The bias was larger in girls (À1.33 kg) than in boys (À0.43 kg).
boys and girls are almost identical, reflecting the 4C model assumptions. Thus, if data on lean tissue hydration were available, the ability to predict DLT accurately would improve substantially.
Discussion
Despite growing interest in the body composition of obese children, and its change in response to treatment, obtaining accurate measurements remains difficult. First, many techniques may have poorer accuracy in those obese because of the uncertainty as to the composition of lean tissue. Second, some techniques are incapable of accommodating those of large body size. This results in the well-known paradox that body composition is particularly difficult to measure in a group of patients who would particularly benefit from such assessments.
The majority of body composition techniques are 2C methodologies, involving the measurement of body properties, such as body water content or body density. Data on these body properties are then converted to final body composition values using theoretical assumptions about the composition of lean tissue. We have recently demonstrated significant differences in the properties of lean tissue in obese children and adolescents compared with those nonobese (Haroun et al., 2005; Wells et al., 2006) . Hydration is increased, and D LT lower, in obese compared with normal weight individuals (Haroun et al., 2005) . These differences have been attributed in part to expansion of the extracellular water space (Battistini et al., 1995) , which in turn reflects irreversible changes in hemodynamics (Marken Lichtenbelt and Fogelholm, 1999; Leone et al., 2000) ; but also in part to reduced mineralisation (Goulding et al., 2000) . Thus, values for the hydration or D LT obtained from individuals within the normal range of body weight will not transfer successfully to those obese.
In this study, we therefore first quantified D LT in a sample of 105 obese children using the accurate 4C model as the reference method, and used these data to develop predictive equations specifically for this patient group, so that we could predict D LT in individual obese children with the aim being to improve accuracy of the 2C densitometric approach. We then successfully tested these predicted D LT values using densitometry as a 2C method in an independent sample of obese children followed longitudinally. However, we also identified the limitations in accuracy of our new approach, and showed how it could be improved further.
The validity of ADP in obese children and adolescents depends on two independent factors: first, the accuracy with which body volume itself is measured, and second, the validity of the equations used to convert raw density values to final body composition outputs. Numerous studies have shown acceptable accuracy of ADP for the measurement of body volume itself in children (Nunez et al., 1999; Dewit et al., 2000) , whereas the study of Ginde et al. (2005) has demonstrated its accuracy in those of very large body size. Less attention has been given to the appropriate values for D LT in obese children and adolescents, hence our interest in exploring this issue in detail.
We showed that the use of D LT values from the literature resulted in a significant error in fat mass in obese children and adolescents with the difference of greater magnitude in girls (1.3 kg, Po0.001) than in boys (0.4 kg, P ¼ 0.066). We used age, gender and BMI SDS as predictors of D LT in our cross-sectional sample for two reasons. First, these three Mean change in fat mass (kg) Difference (predicted -4C value) (kg) Figure 3 Bland-Altman plot illustrating the comparison of change in fat mass values, either predicted using our equations for the prediction of the density of lean tissue, or measured using the fourcomponent model in 51 children followed for an average of 7 months. The difference in fat mass change between methods is plotted against the mean fat mass change. The mean bias was an overestimation of 0.24 kg (nonsignificant), limits of agreement ± 2.77 kg.
terms have all been shown to account for variability in the outcome in children in general, in part, because of the process of chemical maturation that occurs during growth at different rates in the two sexes (Fomon et al., 1982; Lohman, 1986; Wells et al., 2010b) . Second, this information is readily obtainable in the clinic. However, our analysis showed that the three predictors explained only a minority (33%) of the variance in D LT in obese children and adolescents.
The majority of the variance could be attributed to the hydration of lean tissue, however, in this study, we had no independent information on this trait. We showed that hydration and D LT in our dataset had a negative correlation coefficient of À0.81, even after adjusting for age, gender and BMI SDS. Although this highly negative correlation necessarily incorporates antagonistic effects of measurement error, in that any underestimation of hydration automatically overestimates density, the same inverse correlation must also emerge once such error is taken into account. Increasing water content must reduce density because of displacing the denser fat-free dry components of lean tissue, protein and mineral. What this study demonstrated, however, is that the variability in hydration in obese children and adolescents is to a large extent independent of age, sex and degree of obesity, which is why we were much more successful in accounting for the variance of D LT when information on hydration was included in the regression model.
The poor ability to predict D LT from age, sex and BMI SDS detracts from the accuracy of ADP for predicting adiposity in individuals in the second group of children. Group mean values had low and nonsignificant error, and we also showed a nonsignificant bias (0.3 kg; P ¼ 0.088) in fat mass at baseline, and nonsignificant bias (0.2 kg; P ¼ 0.2) in change in fat mass. However, the limits of agreement were ± 2.8 kg for fat mass at baseline, and ±2.8 for change in fat mass. These limits of agreement of 2.8 kg are not good enough to allow small changes in fatness to be assessed accurately when using densitometry as a 2C approach.
We propose that these limits of agreement could be reduced substantially, if information on the hydration of lean tissue were incorporated into the prediction of D LT . An index of hydration could potentially be obtained in obese children using multi frequency bioelectrical impedance analysis, for example, using vector analysis (Piccoli, 2004) . Regrettably, this instrumentation was not available to us in this study. The advantage of this approach would be that both ADP and bioelectrical impedance analysis are noninvasive techniques easily applied in the vast majority of overweight individuals, in both cross-sectional and longitudinal contexts. Thus, ADP and bioelectrical impedance analysis could potentially offer a convenient and accurate protocol for densitometry as a 2C body composition technique in obese children, and this approach strongly merits further research given the limitations of other techniques.
Our data are of particular interest for comparison with our similar study of the accuracy of DXA in obese children and adolescents. Comparing data from DXA against the four component model, in both cross-sectional and longitudinal studies as conducted here, we found bioelectrical impedance analysis bias of 0.9 kg (Po0.001) and limits of agreement of 4.2 kg for cross-sectional data, and limits of agreement of 3.2 kg for change in fat mass, though with no significant mean bias. We were also unable to scan or analyse a proportion of obese children and adolescents using DXA, because of their exceeding the weight limits or scanning dimensions of the instrumentation (Luna Prodigy Instrumentation). Therefore, ADP appears to have higher take-up in those of large body size, as well as moderately improved accuracy over DXA for measuring fat mass and lean mass in obese children and adolescents, with the potential for further improvement in accuracy if hydration could be measured.
The strengths of this study comprise the relatively large sample size, allowing the sexes to be considered separately, and our use of the 4C model as the reference method. The limitations comprise the use of predicted lung volumes in the ADP measurements, as the lung volume prediction equations may introduce systematic error in those obese. However, we have consistently elected to predict rather than measure lung volume in our paediatric work on ADP, as we have found that many children struggle with the protocol for direct lung volume measurement. Furthermore, the correction of raw body volume for air in the lungs involves multiplying the predicted values by 0.4, hence any error is similarly reduced.
In conclusion, we demonstrated that the generation of prediction equations for D LT in obese children and adolescents improves the accuracy of ADP in this patient population. These findings are valuable because of the paucity of alternative techniques available for measuring individuals of large body size. Our data indicate that further improvements in accuracy could be made if information about hydration of lean tissue were collected, for example using multi-frequency bioelectrical impedance analysis.
